Since the nineteenth century, Douglas-fir seed sources have been widely used for establishment of forest stands outside its natural distribution range. In Europe, some of these old Douglas-fir stands are registered as seed stands and provide seed sources for nurseries, although it is unclear from which region in North America they originate. In recent years, the interest in planting Douglas-fir has increased substantially because the species is seen as a potential adaptation option to climate change. This makes the assignment of European Douglas-fir stands of unknown seed origin to their geographic origin in North America increasingly important, because the genetic quality of these plantations must be guaranteed. In this study, we use 13 nuSSR loci to investigate the origin of 67 Austrian and German Douglas-fir stands of unknown origin. We performed a hierarchical Bayesian cluster analysis using 38 native Douglas-fir populations. The resulting clusters are used as reference populations to assign the 67 Central European Douglas-fir stands from Austria and Germany planted more than 80 years ago. Our results suggest that the majority of our investigated Douglas-fir stands come from central Washington (USA), the recommended seed zones for Central Europe. Some stands were located outside the suggested area, e.g. central Oregon and Santa Fe (New Mexico). The accuracy assessment of our approach revealed the best performance for the highest hierarchical level, e.g. assigning populations either to the coastal or the Rocky Mountain variety. As expected, the uncertainty increases with decreasing hierarchical level. The final assessment, if an admixture of seed sources within the European Douglas-fir stands is evident suggests that 23 of the Douglas-fir stands show an admixture which was not detected in our Douglas-fir reference populations growing in the natural distribution range.
Introduction
Europe has introduced Douglas-fir 190 years ago. In the first 140 years, the importance of the geographic origin of seeds or provenance was neglected and thus, Douglas-fir plantations established prior to the 1980s are mostly of unknown origin (Bastien et al. 2013 ). However, a number of these "unknown" populations were selected and registered as seed stands mainly because of their superior growth performance. Today, these "unknown" stands as well as "established" plantations are the main European Douglas-fir seed sources (e.g. Kohl and Nather 1991; Konnert 2009; Rau 2009 ).
The use of the best provenance is important for achieving high productivity rates and to ensure a high adaptive capacity. Provenance trials have shown that not only height and diameter growth increment, but also adaptive relevant characters are under strong genetic control. Adaptive characters Communicated by Christian Ammer.
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include, for example, water-use efficiency effecting the drought tolerance (Darychuk et al. 2012 ) and bud phenology, which is related to frost hardiness (Eckert et al. 2009 ). In addition, a shift in the suitable plantation regions within Europe by provenance is expected due to climate change (Chakraborty et al. 2016) . Consequently, the origin of European Douglas-fir stands, and particularly those that serve as seed stands, are of high interest.
Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco] is a North-Western American coniferous tree species covering a large latitudinal (19° to 55°) and elevational range (from sea level to 3260 m) (Hermann and Lavender 1990; Kleinschmit and Bastien 1992) . Douglas-fir was introduced to many countries worldwide (e.g. New Zealand, Chile, Argentina, Australia, France), mainly because of its growth potential, robustness and timber quality (Holubčík 1968) . In Europe, Douglas-fir covers about 750,000 ha, which is the second largest forest area of a non-native conifer tree species (Köble and Seufert 2001) and the largest Douglas-fir area outside its native range (Bastien et al. 2013) . In recent years, Douglasfir has become increasingly interesting because of its growth rates and its resilience versus drought stress. Douglas-fir is considered an additional potential species for adapting European forests to expected changes in climate (IPCC 2007; Eilmann et al. 2013) .
The two varieties of Douglas-fir, the coastal (P. menziesii var. menziesii) and the Rocky Mountain (P. menziesii var. glauca) variety, can be distinguished based on their morphological (Allen 1960; Dunlap 1964) , population genetic (Li and Adams 1989; Klumpp 1999; van Loo et al. 2015; Neophytou et al. 2016) , physiological (Pharis and Ferrell 1966; Lavender and Overton 1972) and growth differences (Kleinschmit and Bastien 1992; Chakraborty et al. 2015) . Genetic and paleobotanical evidence supports that the two varieties diverged due to geographic isolation during Pleistocene glacial periods van Loo et al. 2015) . The post-glacial colonisation from their refuges resulted in inter-varietal contact and admixture zones located east of the Cascades of Oregon and Washington (Eckert et al. 2009; Wei et al. 2011; van Loo et al. 2015) including a 450 km hybrid zone in British Columbia van Loo et al. 2015) .
Within its natural distribution area, Douglas-fir grows on aFalush wide range of site conditions. This has led to provenance trials in several countries across Europe (Barner 1973; Rehfeldt 1979 Rehfeldt , 1983 Stephan 1980; Campbell 1991; Kleinschmit and Bastien 1992; Konnert and Ruetz 2006; Weißenbacher 2008; Eilmann et al. 2013) , aiming to explore the growth properties of different provenances under various climatic conditions. These studies showed differences among the two varieties and within the intravarietal level. In Central Europe, the coastal variety and provenances from Oregon to the west of the Cascade Range show the best growth performance. The Rocky Mountain variety is only recommended for some European countries with continental climate influence, e.g. in countries like Sweden, Finland or Slovakia (Holubčík 1974 (Holubčík , 1980 Martinsson 1990; Tigerstedt 1990) .
With representative population data from the original distribution range of a species (Cornuet et al. 1999) , it is possible to assign populations or individuals of unknown origin to their region of origin (Cornuet et al. 1999 ) using highly variable molecular markers such as microsatellites (Simple Sequence Repeats; SSRs). Such assignment methods have often been used for tracing back illegal timber trade activities (Lowe and Cross 2011; Jolivet and Degen 2012; Degen et al. 2013; Nazareno and Dos Reis 2014) . The accuracy of such methods depends on the genetic differentiation among the reference populations (Cornuet et al. 1999) . Thus, it is important that any investigation starts with a genetic clustering and differentiation for the reference population prior to the assignment test. Pooling populations to one cluster based on unsupervised clustering methods may improve the accuracy of the method García et al. 2006; Nazareno and Dos Reis 2014) .
Population genetic analyses of European Douglas-fir stands have differentiated between the two varieties (Konnert and Ruetz 2006; Fussi et al. 2013 ) but have never used reference populations from its native range (Konnert and Ruetz 2006; Fussi et al. 2013) . Given the large ecological and growth differences of provenances within a variety, a refinement in the assignment to intravarietal origins is of interest.
The purpose of this study is to take advantage of a large set of genotyped reference Douglas-fir populations from the native range and develop a new assignment method based on a marker set of 13 nuSSRs to trace back the native geographic origin of 67 Austrian and German Douglas-fir stands of unknown origin, mainly planted more than 100 years ago. Our reference dataset consists of 38 Douglas-fir populations covering the entire distribution range of the coastal and Rocky Mountain varieties across USA and Canada. We are specifically interested in (i) the pattern of genetic differentiation (clustering) among reference populations within the native range of Douglas-fir, (ii) the accuracy of the assignment in relation to the inferred clusters at different hierarchical levels, and (iii) the assignment of 67 Austrian and German Douglas-fir seed stands of unknown origin including the identification of potentially admixed (i.e. seed source mixed) populations.
Materials and methods
For our analysis, two different datasets are used: (i) reference data covering the full range of the natural distribution of Douglas-fir, and (ii) Douglas-fir stands from Austria and Germany of unknown origin. Note for each of these data, the same DNA data extraction method and genotyping was applied.
Study populations
Reference data from USA and Canada
We analyzed 766 individuals from 38 populations (R01-R30, R32-R39, note R31 is missing), covering the natural distribution range of Douglas-fir within the US and Canada (Table 1 ; Fig. 1 ; van Loo et al. 2015) . A higher sampling density was chosen for Oregon (OR) and Washington (WA) because these areas were traditionally the main seed collection zones for Douglas-fir plantations in Europe (Breidenstein et al. 1990 ). For each reference population (except population R07 with 18 individuals), 20-22 individual trees were randomly sampled. For 21 of our 38 populations, cambium samples from provenance trials were provided by the Austrian Research Centre for Forests (BFW), Vienna, Austria. These trials used either seeds from the IUFRO-seed collection section (Barner 1973) , or seeds collected in natural populations in the US (see Chakraborty et al. 2015) . The seed for the remaining 17 populations, were obtained directly from the USDA Forest Service-Placerville Nursery in the US, and the British Columbia Forest Service, Canada. These seeds were cultivated for 2-3 months in the nursery until the seedlings reached approximately 5 cm in height.
Populations of unknown origin
Populations of unknown origin comprise 67 adult Douglasfir stands in Austria and Germany (Table 1 ). In the following, we will refer to these stands as European stands. The oldest of these stands were established in the nineteenth century. Again, cambium samples of 10-26 adult trees per stand were randomly collected, so in sum we obtained samples of 1469 different individuals. Whenever possible, trees with high phenotypic variation were selected to ensure that both Douglas-fir varieties are captured in case adult stands originate from mixed seed collections. 
DNA extraction and genotyping
Collected material (cambium samples and cultivated seedlings) of our 38 Douglas-fir reference populations (R1-R30 and R32-R39) and the 67 European Douglas-fir stands was dried and stored in silica gel prior to DNA extraction. The DNA was extracted from leaf or cambium tissue using an OMEGA E.Z.N.A Plant DNA Kit according to the manufacturer's instructions. For the population assignment, 17 dinucleotide nuSSRs from Slavov et al. (2004) were tested on a set of 16 trees to establish a reliable set of nuclear SSRs with sufficiently high polymorphism. These tests resulted in 13 highly polymorphic and unlinked nuSSRs (Slavov et al. 2004 ) which were arranged into four multiplex PCR combinations (Online Resource 1). For further details on SSR selection, we refer to van Loo et al. (2015) . Polymerase chain reaction (PCR) amplifications were performed with the QIAGEN Type-it Microsatellite PCR Kit following the manufacturer's protocol and annealing temperature resulting from the testing (Online Resource 1). PCRs resulting in missing values were repeated using a touch-down procedure with annealing temperatures of 55-45 °C for 10 cycles, each 90 s, followed by 30 cycles at 50 °C, each 60 s. NuSSRs genotypes were resolved on an ABI PRISM™ 3100 DNA Genetic Analyzer (PE Applied Biosystems. Inc.). The sizing of fragments was carried out with a Genescan 3.7 and Genotyper® 2.0 software (PE Applied Biosystems.Inc.), utilising the internal GENES-CAN™-500 ROX™ Size Standard (PE Applied Biosystems. Inc.). Allele binning was carried out automatically using the software TANDEM (Matschiner and Salzburger 2009) for both American reference and European populations.
The reference populations are identical to those used in the study by van Loo et al. (2015) , where the allele binning was performed manually. Here, we repeat allele binning using an automated method (TANDEM) to optimize the consistency of scoring. The resulting genotypes after allele binning were used for data analysis.
Data analysis and results

Population structure within the reference populations
We started our analysis by performing a Bayesian cluster analysis of the 38 reference populations from North America using the software STRU CTU RE v.2.3.4 (Pritchard et al. 2000; Falush et al. 2003 Falush et al. , 2007 to infer genetic differentiation and genetic relationships among them. The applied software STRU CTU RE uses Markov Chain Monte Carlo procedures (MCMC) for assigning individuals to each one of K predefined clusters based on the individuals' multilocus genotype. The program assigns each individual a membership proportion (Q value) to each one of the clusters. For all runs, we chose the admixture model and correlated allele frequencies. We performed 20 independent runs for each K between 1 and 10. For each run, we applied 50,000 burnin replications followed by 100,000 MCMC iterations. We repeated the procedure using the locprior option (Hubisz et al. 2009 ) because this option is considered to be sensitive in detecting minor differences in the genetic structures which we expected for populations within the coastal variety (Li and Adams 1989; Hubisz et al. 2009; Krutovsky et al. 2009 ). The STRU CTU RE analysis runs were performed with the program STRAUTO v1.0, which allows automation and parallelization of multiple STRU CTU RE runs (Chhatre and Emerson 2017) .
We defined the optimal number of clusters K, based on two criteria: (i) Maximisation of the statistic ΔK (Evanno et al. 2005) , which is based on the second order rate of change of log likelihood of the data for consecutive K values. According to the Evanno et al. (2005) , the K value corresponding to the maximum ΔΚ denotes the uppermost hierarchical level. For ΔΚ calculation we used the program STRU CTU RE HARVESTER (Earl and von Holdt 2012) . (ii) Unimodality among runs for a particular K, i.e. each one of the 20 runs for a particular K should lead to the same clustering solution. We controlled this by processing the multiple runs using the online platform CLUMPAK (Kopelman et al. 2015) .
Performing a single cluster analysis for the whole sample may underestimate the "true" number of clusters, because smaller clusters may remain undetected, especially if sampling intensity varies among clusters and / or if hierarchical phylogenetic structure occurs within clusters (Neophytou 2014; Janes et al. 2017; Wang 2017) . We performed the hierarchical analysis by repeating the Bayesian clustering within the inferred clusters, as recommended by Pritchard et al. (2010) and Vähä et al. (2007) . Finally, we addressed label switching among clusters and average Q values among runs, by applying CLUMPAK after each analysis. CLUMPAK implements the default algorithms of the CLUMPP method (Jakobsson and Rosenberg 2007) .
We performed the hierarchical analysis according to the following steps: (i) chose the optimal K value as described above, (ii) assign populations to each one of the K-clusters, using a threshold value of Q > 0.60, (iii) check whether the clustering pattern with the use of locprior was consistent with the analysis without locprior; (iv) If the analysis with locprior option led to the same clustering pattern as without any prior, we reiterated the procedure within each of the resulting K-clusters.
We stopped the procedure (a) if each single population was assigned to one single cluster (i.e. no longer possible to infer further population genetic structure), (b) if populations were not split into at least two clusters, (c) if there was inconsistency of the clustering pattern with locprior versus without prior (which indicates that population genetic structure is very weak).
The implementation of the hierarchical cluster analysis as described is shown in Fig. 2 , which was created with the software DISTRUCT (Rosenberg 2004) . The first analysis including all samples resulted in the separation of the two varieties. We defined this hierarchical level of clustering as 'hierarchical level 1' (HL1). Subsequently, the varieties were subdivided into two further clusters, each at the 'hierarchical level 2' (HL2; clusters 1-4). After finishing the iterative procedure, we were left with twelve clusters (I-XII) across both varieties at the 'hierarchical level 3' (HL3). The spatial distribution of clusters in the native range for each hierarchical level is presented in Fig. 3 .
Accuracy assessment through self-assignment tests within the inferred clusters
An important step of our analysis is to assess the accuracy of the assignment to clusters/populations at each hierarchical level. Clusters at a higher hierarchical level display a higher genetic differentiation which suggests a higher accuracy in the assignment. For example, a European Douglas-fir stand can be assigned more accurately to one of the two varieties (coastal or Rocky Mountain) as well as to one of the four major clusters (HL2), than to a single reference population within a variety.
We implemented the self-assignment tests for genotypes of known origin (North American) prior to the assignment of the unknown individuals/populations to assess the assignment accuracy for each of the aforementioned hierarchical levels. The software GENECLASS2 was applied and each individual tree was assigned to one of the reference populations. Individuals to be assigned are excluded from the reference dataset (leave-one-outapproach) during the computation. This resulted in a percentage of correctly assigned individuals (CA) and a Quality Index (QI) defined as the mean value of the assignment scores of each individual within the population from which it was sampled .
We ran the self-assignment tests by computing the probability of an individual tree to belong to a population within the hierarchical levels using the computation criteria according to Rannala and Mountain (1997) . The simulation algorithm of Paetkau et al. (2004) with a resampling of 10,000 simulated individuals and a Type I error (alpha) of 0.01 (Cornuet et al. 1999; Paetkau et al. 2004 ) was used.
We repeated the analyses at all hierarchical levels. At HL1, we defined two reference populations corresponding to each one of the two varieties based on the results of the STRU CTU RE analysis (see Fig. 2 ). At HL2, we performed the tests within each variety. For the Rocky Mountain variety, we defined clusters 3 and 4 as reference populations. For the coastal varieties, we defined 3 reference populations: clusters 1 and 2, as well as population R37, which was intermediate between these two clusters. At HL3, we carried out the tests within each one of the clusters 1-4. Again, we treated intermediate populations as additional reference populations. For instance, within cluster 1, there were three reference populations: 'I', 'II' and R16, which was intermediate between 'I' and 'II' (see Fig. 2 ). In addition, we defined an additional hierarchical level (HL4) where single populations within each one of the 12 clusters I-XII from HL3 were considered as separate reference samples. Finally, we performed the analysis with all 38 populations from our North American reference dataset, considering no hierarchical subdivision.
For all GENECLASS2 computations, the total number of 13 nuSSRs needed to be reduced for the reference populations within the southern Rocky Mountain clusters XI and XII. Here, only 10 loci with reliable genotypes were available, because the loci 5A8, 3F1 and 2D6 revealed a high number of missing values. These loci contribute strongly to the differentiation to all other population clusters. The results of the self-assignment analysis are presented in Fig. 4 .
Origin assignment of European Douglas-fir
The final step of our study was to "trace back" and identify the seed origin of the 67 European Douglas-fir stands listed in Table 1 . We performed "assignment of groups of individuals" with the software GENECLASS2 ). We applied the multilocus Bayesian criterion according to Rannala and Mountain (1997) with a threshold value of p = 0.05 for all runs. We carried out separate analysis at each hierarchical level. The reference populations for each analysis run followed the hierarchical order of the self-assignment test as shown in Fig. 3 .
Prior to the assignment with GENECLASS2, we analyzed the individuals from the 67 European stands, together with the reference individuals (from the native range) from our 38 North-American reference stands, using the software STRU CTU RE. We used a fixed K = 2 value to determine the assignment of each population and individual to one of the two varieties (coastal or Rocky Mountain). The purpose of this step was to detect cases of artificial intervarietal admixture in European stands. Next, we separated and removed pure Rocky Mountain Douglas-fir individuals (Q < 0.1) from introduced stands with affinity to coastal Douglas-fir (Q ≥ 0.9) and vice-versa.
After removing these individuals, we performed successive assignment analyses with GENECLASS2 following the hierarchical structure of the reference populations. We assigned the European populations to one of the two Mountain variety, HL2: 1-4, HL3: I-XII). Coastal Douglas-fir populations were sorted from south to north, Rocky Mountain populations from north to south. On the right-hand side, the state is marked where each population is located. CA California, OR Oregon, WA Washington, BC British Columbia, ID Idaho, MT Montana, CO Colorado, NM New Mexico, AZ Arizona varieties at HL1. At this step, we used all 67 European Douglas-fir populations and assigned them to one of the two varieties. Next, we performed separate runs at the HL2 level within each of the two varieties. We employed the analyses at HL3 level, i.e. within each one of the clusters 1-4. The final step was to assign each of the 67 European populations to one of the 38 reference stands from North America by running the analysis within each one of clusters I-XII at HL4 according to the outline shown in Fig. 4 .
The assignment tests resulted in a score for each assignment of a population to a given reference sample. This score (score i,l ) is defined as:
where L ij is the likelihood of an individual or a group of an individual i to belong to reference population l (Piry et al. Table 2 ) come from areas located in Washington, Oregon and Northern California (clusters I and II). Figure 5 shows the assigned location of the 64 European Douglas-fir stands to their closest reference population in North America. Next, we performed additional assignment analysis at the individual level to identify possible cluster-admixed stands. Cluster-admixed stands are Fig. 4 Arrangement of the four hierarchical levels (HL1-HL4) starting from 38 populations of the reference data set grouped into the coastal and Rocky Mountain variety, followed by four and twelve genetic clusters. For each branch of the top-down procedure, the Quality index (QI) and the correctly assigned individuals (CA) were calculated with the self-assignment test in GENECLASS2. Populations marked with an X between two clusters are indicated as cluster admixed populations 1 3
introduced populations which might have been established with more than one seed source. Performing only the assignment for groups of individuals, we can assign a population of unknown origin to one of the reference populations. Hence, a genetically intermediate population (cluster-admixed) population cannot be identified. For instance, at HL1, there are only two reference populations corresponding to the two varieties. Thus, it is not possible to characterize a European population as intermediate when performing 'assignment of groups of individuals' using GENECLASS2, because no such reference population exists. Thus, we additionally performed "assignment of individuals" and calculated the proportion of assigned individuals per cluster.
Assuming that no admixture is evident, the number of individuals assigned to the 'true' cluster will depend only on the accuracy of the method and will thus be similar to the CA value from the self-assignment (the measure of method accuracy). Deviations between the two values suggest an intermediate origin. We defined a tolerance level of 10% in the deviation from the CA score. Any higher deviation indicates that cluster-admixed stands may exist. The results of the assignment analysis at the individual level for identifying possible cluster-admixed populations are presented for each of our 67 European Douglas-fir stands in Online Resource 4.
Final results and discussion
Using the reference data (see Fig. 1 ) which covers the full natural distribution range of Douglas-fir in North-Western America, we are able to "trace back" and identify Central European Douglas-fir stands planted at the end of the 19th and early twentieth century of unknown seed origin (see Table 1 ). Note that compared to the provenance trials which were established during the 1960s across Europe (Chakraborty et al. 2015 ) the seed origin of the old European Douglas-fir stands were unknown, although some of these stands are used as European Douglas-fir seed sources.
At the hierarchical level 1 (HL1), we assigned only one population (S05) to the Rocky Mountain variety by both STRU CTU RE and GENECLASS2 (see Online Resource 3). Further two populations (AZ06 and HO4) were assigned to the Rocky Mountain variety using GENECLASS2, but showed mixtures with the coastal variety based on the results of the Bayesian clustering analysis (see Online Resource 3). The seed sources of the remaining 64 of our 67 investigated Douglas-fir stands come from cluster I and II within the hierarchical level 3 (HL3) which refer to locations in Washington, Oregon and northern California ( Table 2) . Figure 5 shows a detailed map with the European Douglas-fir seed stands and their identified North American seed source location.
In Germany and Austria, many recommended provenances (see also the provenance trials established in the 1960) originate from cluster I (coastal variety), which covers an area between central Washington and the northern part of California (Konnert et al. 2008; Weißenbacher 2008) . Most of our investigated old Douglas-fir stands of unknown origin came from the same area covering population R11 (Ashford/ Elbe, Washington) with more than half of our 67 analysed stands (see Table 2 ), followed by R30 (Zone 061, Oregon) (see Table 2 ). Two reasons for this result seem to be possible: (1) a selection of former planted stands from unsuitable provenances, where only the "adapted" provenances (i.e. from the area of cluster I) survived; (2) a selection of stands with some early knowledge using seeds form cluster I. For example, reports about the excellent performance since more than a century are evident (see Schwappach 1911; Kanzow 1937 ) and our results confirm that the detected origin of our old Central European Douglas-fir stands are consistent the recommendations (Konnert et al. 2008; Weißenbacher 2008) .
If Douglas fir stands regenerate naturally, the information about the genetic admixture enhances silvicultural decision making (Eckhart et al. 2017) . For instance, stands from unsuitable provenances will contribute to the genepool of the regeneration of suitable stands because pollinations have a negative effect on the regeneration (Konnert and Ruetz 2006) .
From our analysis, two important facts are of interest: (i) several stands originated from areas outside the recommended regions (e.g. two stands were assigned to a reference population from northern California), indicating that additional seed sources may be suitable for Douglas-fir in Europe and (ii) the distribution of the identified seed origins Stands of the same origin occur for example in western Germany as well as in eastern Austria, climatically very distinct geographic zones. This suggests that the establishment of these stands did not follow a systematic pattern. It is probably a result of the high genetic diversity of populations within cluster I and II (van Loo et al. 2015) and the resulting adaptation potential. This indicates the important role of genetic diversity of seed sources for Douglas-fir management.
As expected, the geographic distribution of the clusters (see Fig. 3 ) follows a similar pattern as shown by van Loo et al. (2015) . Only minor differences are evident due to the stochasticity of the applied Bayesian clustering method (Gilbert et al. 2012) . Most of the 12 clusters at the HL3 are genetically and spatially delineated (see Figs. 2, 3 , Online Resource 2). For instance, in Cluster 2 all four populations were assigned to one separate cluster (clusters III, IV, V and VI) at a membership proportion greater 0.9 (Q > 0.9; see Fig. 2 ).
Within HL3, cluster I and II exhibit a significant differentiation (see Online Resource 2) with a varying gradient in the membership proportion (Q-values). In Cluster I, the membership proportion decreased from south to north, while in Cluster II, it increased from south to north (see Fig. 2 ). Similar effects in densely sampled areas have been reported in other studies (e.g. Ekins et al. 2006 ) and may be seen as an effect of isolation by distance. We addressed this problem by introducing intermediate populations (0.4 < Q < 0.6) e.g. R16 (Reference population 16) as separate reference populations in our assignment performance (see Figs. 2, 3, 4) . This setting also influences the test for detecting cluster-admixed stands: while at the HL1 and HL2, only seven potentially cluster-admixed stands were identified, at HL3 16 potentially admixed Douglas-fir stands between the clusters I and II (see Online Resource 4) were registered. This suggests that results have to be interpreted carefully when clusters represent areas located in the mating contact zone.
Cluster I and II are located within the most important area of seed sources for Central Europe (Konnert et al. 2008; Weißenbacher 2008 ) and would not be detected without performing the hierarchical step by step analysis of the reference dataset (see Figs. 2, 3 ). This method is a powerful approach to analyse populations with varying sampling density among clusters or hierarchical phylogenetic structure within clusters (Neophytou 2014; Janes et al. 2017; Wang 2017) .
While the forest areas in Oregon and Washington were intensively sampled, we only had a few reference populations from the North (British Columbia) and the South (California) in our reference dataset (see Fig. 1 ). In such a situation, there is a tendency to assign individuals to a common cluster even if they are phylogenetically different (Kalinowski 2011; Neophytou 2014) . Indeed, pairwise F ST s between British Columbian and Californian populations are high (see Online Resource 2) and do not support any common origin. Following our hierarchical approach, we were able to subdivide these two regions at the hierarchical level 3 (HL3; see Figs. 2, 3) .
The accuracy assessment of our developed clustering approach based on a "leave-one-out-approach" method (see Fig. 4 ) revealed the highest consistency at the HL1 and HL2 (Hierarchal Level 1 and 2) with > 93.8% correctly assigned (CA) individuals to their clusters (variety) and a quality index (QI) of > 86.1% (see Fig. 4 ). At HL3 (Hierarchical Level 3), the clusters 2 and 3 (see Fig. 2 ), exhibit a CA of > 94% which strongly supports that seeds from Douglas-fir populations in California (clusters III, IV and V) or from British Columbia (cluster VI) are correctly classified. At the same Hierarchical Level, the clusters 1 and 4 exhibit a correct assignment (CA) between 75.3 and 79% and QI (Quality index ranging between 68.9 and 78.8% (see Fig. 2 ). This suggests that if Douglas-fir stands originate either from (i) the area including the northern Cascades and the southern part of Vancouver Island or (ii) the area between Southern Washington and Northern California, they have a 75.3% chance to be classified correctly. This is a result of (i) the low level of genetic differentiation and (ii) isolation by distance, which makes clustering difficult, as confirmed in previous findings with other tree species (Jolivet and Degen 2012; Degen et al. 2013; Nazareno and Dos Reis 2014) .
At the lowermost hierarchical level, i.e. among single populations within a cluster from HL3, uncertainty of assignment increased. The best proportion of correctly assigned individuals (CA) was evident for cluster VII with 90%, while CA did not exceed 51.8% within clusters II, X and XI. Within the largest cluster I, only 33.1% of all individuals were assigned to their own population (see Fig. 2 ).
In addition to genetic differentiation, further factors affecting the accuracy of assignment are: (i) the number of analysed loci (in our study we used 13 high variable microsatellite loci; see Online Resource 1), (ii) their diagnostic power and (iii) the size of the reference populations (Cornuet et al. 1999; Bjørnstad and Røed 2002; Wang et al. 2009 ).
Conclusion
The selection of tree species, but also the most suitable provenance, is one of the key silvicultural decisions. Douglas-fir is considered as an important adaptation option for climate change because Douglas-fir exhibits a lower vulnerability if longer drought periods during the summer months occur versus our main native European tree species, e.g. Norway spruce or common beech. With an increase in temperature and changes in precipitation pattern (longer drought periods during the summer months) our native tree species are increasingly vulnerable in some regions, since they require a continuous water supply (e.g. rain) during the growth period. Our results are important for Douglas-fir management, because the investigated stands (i) have survived a full rotation length, (ii) show an excellent growth performance, (iii) regenerate naturally and some are (iv) identified and used as basic material for the production of reproductive material under the selected category. In addition, our assignment method can be used for other important questions associated to a changing climate such as (1) where do other European Douglas-fir stands come from? (2) Do all European stands come from a distinct area of North America or is the source geographically scattered? (3) Do established European stands follow the national provenance recommendation or do outliers exist? (4) Is there a correlation between side conditions within Europe and the origin of old Douglas-fir stands or not? (5) Do distinct provenances grow on special side conditions?
